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1.  INTRODUCTION 


•1  f 


The  objective  of  this  project  was  to  compile,  critically  evaluate,  and 
ana1 • ze  available  data  and  information  on  the  dc  electrical  resistivity, 

SeebeJ<  effect  (thermoelectric  power),  heat  capacity  at  constant  pressure, 
thermal  and  elastic  properties  of  single  crystal,  pclycrystalline,  and  annealed 
specimens  of  pure  Nit)  in  the  temperature  range  of  kinetic  stability,  and  fin¬ 
ally,  to  generate  recommended  reference  values  for  selected  properties  of 
different  forms  of  NiO. 


Section  l  provides  certain  necessary  background  information.  Section  3 
resents  experimental  data  in  graphical  and  tabular  forms  along  with  the 
critically  evaluated  ind  recommended  values  for  dc  electrical  resistivity, 
Seebeck  coefficient,  heat  capacity  (at  constant  pressure),  thermal  conductivity, 
elastic  properties,  and  thermal  expansion.  Also  included  in  these  sections  is 
explanatory  information  for  each  property,  on  the  basis  of  which  the  available 
data  are  reviewed  and  discussed.  Statements  are  also  provided  concerning 
criteria  and  considerations  used  in  obtaining  the  recommended  values,  over  the 
temperature  range  of  kinetic  stability.  The  (provisionally)  recommended  values 
of  various  properties  are  exhibited  along  with  the  experimental  data.  The 
complete  bibliographic  citations  for  the  references  are  given  in  Section  4. 

It  should  be  carefully  noted  that  we  exclude  from  this  report  a  consid¬ 
erable  body  of  data  pertaining  to  the  properties  of  NiO  above  1000  K  or  of 
doped  NiO,  including  particularly  Li-doped  NiO,  since  the  properties  of  these 
materials  are  not  representative  of  pure  NiO  at  ordinary  temperatures. 


***yiij*j\\  /hita  C'*y.>)t>,'f.ti33} 


2.  GENERAL  BACKGROUND 
2.1  Physical  Characteristics 


Above  523  K  NiO  is  an  anion  excess,  paramagnetic  material  in  the  cubic 
rocksalt  configuration  with  one  molecule  per  primitive  cell;  the  lattice  con¬ 
stant  is  4.1811  a/15  Below  the  Neel  temperature  of  =  523  K,  NiO  is  a  type 


/  p  \ 

2  antiferromagnet,  with  a  slight  rhombohedral  lattice  distortion  [0.15% 


contraction  along  a  (111)  axis]  caused  by  magnetostriction. (3)  The  compound 


exhibits  small  deviations  from  strict  stoichiometry,  representable  by  the 

,-3 


formula  N i -j _50 ,  with  deviations  in  the  range  0  S  6  <  5x10  .  As  6  is  decreased 
by  appropriate  annealing*45  from  its  upper  limit  towards  zero  NiO  transforms 
from  a  black  opaque  material,  which  may  have  a  greenish  cast,  to  a  green 
translucent  material.  The  resistivity  at  fixed  temperature  is  increased  many 
orders  of  magnitude  as  the  material  is  rendered  increasingly  stoichiometric. 


A  striking  feature  of  crystalline  NiO  is  the  inertness  of  this  material 
toward  chemical  changes.  Reduction  to  metallic  Ni  can  only  be  achieved  by 


,-20 


heating  under  almost  total  exclusion  of  oxygen  (P  <  10“  atm  )  or  by  use 

°2 


of  hydrogen  at  elevated  temperatures.  NiO  can  be  dissolved  only  in  molten 
salts  such  as  ^£07 .  Acids  and  bases  have  no  noticeable  effect  on  the  pro¬ 
perties  of  crystalline  NiO.  The  density  of  NiO  at  room  temperature  is 


7.45  gm/cm  ;  its  melting  point  is  approximately  2230  K. 


Jingle  crystals  of  NiO  may  be  prepared  by  at  least  five  different 
techniques  involving  high  temperature  methods:  flame  fusir  (also  termed 
the  Verneuil  technique)/55  arc  image  furnace  floating  zone/65  plasma  torch/75 
solar  furnace  melting  technique,  (8)  and  arc-transfer/95  Three  others,  halide 
decomposition  and  deposition  on  MgO  substrates/105  chemical  vapor  transport/115 


and  growth  from  a  flux/125  are  carried  out  at  much  lower  temperatures.  No 


measurements  have  so  far  been  reported  on  NiO  grown  by  chemical  vapor  transport. 


IE 


Typically,  samples  obtained  by  the  high  temperature  techniques  are  more  strained 
and  nonstoichiometric  than  those  grown  by  halide  decomposition,  though  halide- 
decompositior.-grown  specimens  also  exhibit  snrain  caused  by  the  mismatch  between 
the  MgO  substrate  and  NiO  lattice.  It  is  possible,  however,  by  annealing  to 
improve  the  stoichiometry  and  to  reduce  internal  strains  to  the  point  where 
the  samples  so  treated  become  superior  to  the  thin  film  material  grown  by  halide 
decomposition.  In  general  the  electrical  transport  properties  of  NiO  are  much 
altered  by  changing  the  state  of  internal  strain  and  degree  of  stoichiometry, 
whereas  heat  capacity  and  elastic  properties  seem  less  sensitive  to  these  para¬ 
meters.  The  critical  evaluation  of  particular  data  with  regard  to  these  factors 
will  be  discussed  in  the  following  subsections,  along  with  the  general  back¬ 
ground  information  relevant  to  each  set  of  experimental  data. 

2.2  DC  Electrical  Resistivity 

Electrical  resistivity  measurements  in  transition  metal  oxides  suffer  from 
two  classes  of  problems:  those  related  to  material  quality  (including  thermal 
history)  and  those  connected  with  measurement  techniques. 

The  presence  of  voids  and  other  crystal  defects  alters,  both  in  quality 
and  degree,  the  electrical  conductivity  in  NiO.  Empirically,  it  is  found  that 
fused  polycrystalline  material  composed  of  macroscopic  single  crystal  domains 
exhibit  electrical  transport  properties  very  similar  to  those  of  single 
crystals.  By  contrast,  sintered  ceramic  specimens  show  resistivity  variations 
which  cannot  be  simply  associated  with  a  decrease  number  of  conducting  paths 
due  to  the  presence  of  voids.  The  details  of  these  alterations  depend  on  the 
sintering  process  such  as  the  firing  schedules,  the  firing  atmosphere,  and  the 
compaction  techniques.  Further,  different  sintering  processes  produce  various 


types  of  internal  boundaries  and  surfaces  whose  electrical  conduction  character¬ 
istics  are  in  general  different  from  those  of  the  interior  of  the  grain. 

Depending  on  the  relative  magnitudes  of  the  surface  and  bulk  conductivities,  the 
electrical  characteristics  of  one  may  overshadow  that  of  the  other  and  thus; 
lead  to  wide  differences  in  observed  characteristics.  In  addition,  prolonged 
exposure  to  elevated  temperatures  during  sintering  may  also  inadvertently  allow 
substantial  amounts  of  impurities  to  diffuse  into  the  material  where  their 
effects  are  sometimes  compounded  by  the  proclivity  of  certain  cations  to  segre¬ 
gate  on  grain  boundaries  and  at  other  defect  sites. 

Because  of  the  ambiguity  introduced  by  the  sintering  process, recommended 
resistivity  values  for  ceramic  specimens  should  be  regarded  with  circumspection, 
because  such  measurements  cannot  be  reliably  reproduced.  Electrical  conductivity 
data  for  polycrystalline  and  single  crystal  specimens  are  relatively  more  uni¬ 
form  and  reproducible  in  characteristics. 

After  the  state  of  aggregation  the  next  most  important  materials  para¬ 
meter  is  the  past  thermal  history  of  the  samples.  Whenever  single  crystals 
of  NiO  are  heated  above  approximately  1000  K<13)  solid  state  reactions  begin  to 
occur  on  laboratory  time  scales.  These  reactions  first  involve  equilibration 
of  surface  defects  with  the  ambient  oxygen  partial  pressure;  also,  changes 
occur  which  reduce  the  extent  of  high  strain  regions  on  the  surfaces  of  the 
specimen.  Above  1300  K(13)  these  processes  begin  to  produce  changes  in  bulk 
stoichiometry  and  give  rise  to  relief  of  internal  strain.  Since  charge 

transport  occurs  by  motion  of  carriers  (holes)  which  arise  from  the  presence 

+2 

of  cation  defects  (Ni  vacancies)  it  is  evident  why  various  heat  treatments 
under  different  atmospheres  cause  tremendous  changes  in  the  electrical  resis¬ 
tivity  of  a  sample.  Hence,  a  major  concern  of  this  report  is  a  careful,  critical 


analysis  of  the  data  acquired  from  similar  specimens  with  different  thermal 
histories. 


As  concerns  measurement  techniques,  it  is  important  to  note  that  the 
specimens  in  pure  form  have  resistivities  considerably  in  excess  of  106  ohm-cm 
at  temperatures  below  the  Neel  point  =  523  K.  Electrical  measurements  in 
this  temperature  region  require  the  use  of  very  high  input  impedance  devices 
such  as  electrometers,  varactor  bridge  operational  amplifiers,  or  FET  input 
operational  amplifiers  for  voltage  sensing.<14)  These  precautions  are 
particularly  crucial  in  the  measurement  of  Seebeck  coefficients.  Resistivities 
should  always  be  determined  by  the  standard  four-probe  technique  to  avoid 
complication  due  to  junction  impedances.  Unless  these  precautions  are  taken 
electrical  measurements  at  best  are  suspect  and  at  worst, meaningless.  In  the 
data  evaluations  at  later  Sections  an  attempt  has  been  made  to  take  these 
various  factors  into  account. 


2.3  Seebeck  Coefficient  (Thermoelectric  Power) 


The  Seebeck  effect  in  a  material  is  due  to  the  production,  under  steady 
state  heat  flow  and  zero  electrical  current  flow  conditions,  of  a  small 
gradient  in  electrochemical  potential  as  the  result  of  the  imposition  of  a 
small  temperature  gradient.  The  magnitude  of  the  effect  is  specified  by  the 
Seebeck  coefficient*,  a  =  AV/ AT,  i.e.,  by  the  voltage  difference  per  unit 
temperature  difference  across  the  sample,  measured  at  a  specified  average 
sample  temperature/155  The  variation  of  a  es  a  function  of  temperature, 

*Strictly  speaking,  a  h  V(c/e)/VT,  where  ?/e  is  the  electrochemical  potential 
per  unit  electronic  charge,  and  V  is  the  gradient  operator,  but  for  most 
cases  this  rigorous  definition  reduces  to  the  one  shown  above. 
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in  conjunction  with  a  model  for  the  electronic  states  in  the  material,  pro¬ 
vides  information  on  the  magnitude  and  temperature  dependence  of  the  carrier 
density  and  on  the  degree  of  electron-lattice  and/or  electron-magnon  coupling. <16) 


The  experimental  difficulties  encountered  in  electrical  measurements  also 
have  their  counterparts  n  Seebeck  coefficient  measurements.  Earlier  remarks 
regarding  sample  quality  are  applicable  to  the  present  situation,  particularly 
since  Seebeck  coefficients  of  different  parts  of  a  sample  (e.g.,  surfaces  and 
grains  in  sintered  compacts)  are  weighted  by  the  conductivity  o.  of  that 
portion  of  the  sample,  relative  to  the  total  conductivity,  Oj.  The  overall 
Seebeck  coefficient  is  given  by 


V  °i 
°T  -  |  “i  ^ 


0) 


where  the  sum  lation  i  is  taken  over  all  different  types  of  charge  carriers 
which  may  be  identified  as  contributing  to  the  overall  transport  properties 
of  the  material. 


Special  difficulties  are  associated  with  Seebeck  effect  measurements 
and  their  interpretation  in  very  high  resistivity  materials. ( 14 )  These  arise 
from  the  need  to  measure  the  small  magnitudes  of  the  Seebeck  voltages,  typically 


a  few  millivolts  or  less,  on  specimens  whose  total  resistance  may  be  in  excess 
J2 


o.c  10  ohms  for  pure  samples  of  NiO.  Further,  the  accurate  imposition  of 
a  small  temperature  gradient  without  disturbing  the  sample  is  a  difficult, 
though  important  task.  In  general,  the  use  of  buffering  circuitry  for 
isolating  the  sample,  and  employing  special  predictive  filtering  techniques 
for  optimizing  the  signal-to-noise  ratio,  as  well  as  the  use  of  nonelectrical 


S; 

% 


1 


F  ,  ^ v-' '.'2 

f  ‘  '  '  ‘ 


methods  for  imposing  the  temperature  gradients  with  a  four-probe  technique 
are  essential  to  obtain  meaningful  results  on  high  resistivity  specimens.  The 
delicacy  of  such  measurements  frequently  has  not  been  sufficiently  appreciated. 


2.4  Heat  Capacity  (At  Constant  Pressure) 


One  of  the  most  fundamental  thermodynamic  measurements  which  can  be 
executed  on  any  material  is  the  determination  of  its  heat  capacity  at  constant 

fT  fT  -1 

pressure,  C  .  Evaluation  of  the  integrals  C  dT  and  T  C  dT  yield 
P  J0  P  J0  p 

the  enthalpy  and  entropy,  respectively  of  the  material  under  study,  and 
from  the  latter  two  quantities  the  Gibbs  free  energy  of  the  compound  may  be 
evaluated. 


To  compare  experimental  measurements  with  theory,  it  is  necessary  to 
convert  to  the  heat  capacity  at  constant  volume,  Cy,  via  the  expression 


Cp  =  cv  +  OjVT/B 


wherein  otjis  the  coefficient  of  thermal  expansion  for  NiO,(17)  6  its  compres¬ 
sibility, (18)  T  the  temperature, and  V,the  volume.  According  to  the  Debye 
theory  of  lattice  vibrations  in  solids,  Cy  is  expected  to  approach  asymptotically 
the  limiting  Dulong  and  Petit  value  of  3r,P.  at  high  temperature,  where  R  is  the 
gas  constant  and  n  the  number  of  atoms  in  the  formula  unit.  Heat  capacity 
measurements  in  NiO  are  subject  to  an  additional  complication:  near  523  K  the 
material  undergoes  a  magnetic  disordering  transition  in  converting,  on  heating, 
from  an  anti  ferromagnetic  to  a  paramagnetic  insulator.  In  accordance  with  well- 
known  theories  of  order-disorder  transitions, (19)  this  gives  rise  to  the  so- 
called  lambda-type  anomaly  in  the  heat  capacity,  i.e.,  a  broad  peak  terminating 
in  a  rather  abrupt  spike,  superposed  on  a  normally  rising  background. 
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As  already  mentioned,  these  measurements  are  expected  to  be  rather  insensi¬ 
tive  to  methods  of  sample  preparation,  thermal  history,  or  state  of  aggregation 
of  the  material. 


2.5  Thermal  Conductivity 

The  thermal  conductivity  of  a  solid  depends  on  the  degree  of  aggregation 
if  it  is  ceramic,  and  on  the  direction  of  heat  flow  with  regard  to  crystal¬ 
lographic  axes  if  it  exhibits  crystalline  anisotropy.  In  a  magnetically  ordered 
crystalline  material  such  as  NiO,  an  additional  dependence  of  the  thermal  con¬ 
ductivity  on  the  degree  of  magnetic  order  is  also  observed. ^ 2°^  These  magnetic 
effects  are  obscured  in  ceramic  specimens  due  to  the  random  orientations  of 
the  magnetic  axes;  in  other  respects,  above  room  temperature  the  thermal  con¬ 
ductivity  of  ceramic  specimens  is  closely  proportional  to  that  of  single-crystal 
material.  In  this  regime  the  mean  free  path  of  phonons  is  small  compared  to 
the  average  distance  between  defects,  and  the  magnitude  of  the  thermal  con¬ 
ductivity  is  governed  solely  by  the  porosity  of  the  specimens:  voids  of  any 
type  may  be  considered  to  function  as  very  high  thermal  resistances.  It  is 
only  at  lower  temperatures,  where  the  phonon  mean  free  path  becomes  large, 
that  the  correlation  between  thermal  conductivity  of  single  crystal  and  ceramic 
specimen  breaks  down.  Phonons  then  scatter  off  the  macroscopic  defects  such 
as  dislocations,  voids,  grain  boundaries,  magnetic  domain,  internal  strains, 
and  the  like. 

To  determine  the  intrinsic  lattice  and  magnetic  contributions  to  the 
thermal  conductivity,  it  is  clearly  necessary  to  rely  exclusively  on  measure¬ 
ments  performed  on  single  crystals  of  the  highest  quality.  Even  so,  the  need 
for  thermal  shielding  to  avoid  spurious  heat  transport  by  extraneous  conditions 
and  radiation,  makes  it  difficult  to  obtain  reliable  data. ^ 20,2 
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be  kept  in  mind  that  radiation  effects  are  proportional  to  the  fourth  power 
of  the  temperature  difference  between  the  specimen  and  the  surroundings,  and 
therefore,  particularly  troublesome. 


2.6  Elastic  Constants 


Because  the  electrical  conduction  in  this  material  seems  to  be  closely 
linked  to  the  elastic  properties  of  the  crystal/'  ‘  precise  values  for  the 
elastic  coefficients  and  their  variation  with  temperature  are  of  considerable 
fundamental  interest,  as  well  as  being  important  in  determining  the  possible 
technological  uses  of  this  material.  Measurement  of  elastic  coefficients 
using  low  frequency  ultrasound  (10^  hz)  are  relatively  unaffected  by  the  state 
of  sample  subdivision  so  long  as  the  density  is  close  to  that  of  the  ideal 
material.  An  alternative  method  consists  in  determining  phonon  dispersion 
curves  from  inelastic  neutron  scattering.  Data  using  both  types  of  techniques 
are  cited  in  Sec.  3.  All  elastic  constants  normally  are  weakly  dependent  on 
temperature;  however,  one  anticipates  rather  drastic  changes  in  these  quanti¬ 
ties  and  in  Young's  modulus  as  the  material  passes  through  the  magnetic  order¬ 
ing  temperature. 


2.7  Coefficients  of  Thermal  Expansion 


Thermal  expansion  is  usually  monitored  by  dilatometric  techniques  or  by 
direct  optical  studies.  On  occasion,  X-ray  diffraction  experiments  have  been 
utilized  to  determine  the  variation  of  lattice  parameters  with  temperature, 
and  the  coefficient  of  thermal  expansion  is  then  calculated  from  these  data. 
All  three  techniques  have  been  utilized  in  the  determinations  cited  in  Sec. 

3.  These  studies  are  not  very  sensitive  to  departures  from  stoichiometry. 
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but  they  are  dependent  on  the  availability  of  specimens  with  relatively  low 
porosity. 

2.8  Data  Analysis  and  Further  Comments 

The  Hall  effect,  normally  an  important  part  of  any  study  of  electrical 
transoort  properties,  is  not  considered  in  this  report.  This  omission  is 
justified  on  three  grounds:  First,  there  are  very  few  reports  of  the  Hall 
effect  on  single  crystals;  thus,  no  real  basis  for  critical  evaluation  exists. 
Second,  in  the  few  instances  where  Hall  effect  is  reported,  the  results  are 
at  extreme  variance  with  one  another.  There  is  no  agreement  on  such  funda¬ 
mental  quantities  as  the  sign,  or  the  sign  reversals  near  the  Neel  transition, 
let  alone  the  magnitude  of  the  Hall  coefficients,  even  when  measurements  are 
carried  out  on  nominally  similar  material.  Third,  in  an  anti  ferromagnetic 
material  such  as  NiO  where  hopping  conduction  may  dominate  (see  Sec.  3.2), 
the  theoretical  basis  for  interpreting,  and  hence,  for  generating  recommended 

(23) 

values  of  the  Hall  effect  are  exceedingly  complex.  '  Moreover,  the  predic¬ 
tions  vary,  depending  on  the  precise  model  and  on  the  particular  charge  carrier 
transport  configuration  which  is  assumed. 

As  regards  data  evaluation  for  the  remaining  transport  coefficients , 
critical  analysis  and  careful  comparative  evaluation  are  essential  in  the 
generation  of  reliable  recommended  values  for  the  thermophysical  properties. 
Procedures  for  data  analysis  for  single  crystals  and  polycrystalline  ceramic 
specimens  are  similar.  They  consisted  in  assessing,  where  possible,  the  vali¬ 
dity  and  reliability  of  the  data,  based  on  description  of  experimental  proced¬ 
ures,  related  information,  and  internal  consistency.  It  was  further  attempted 
to  resolve  conflicts  and  discrepancies  in  data,  to  correlate  data  in  light  of 


various  controlling  parameters,  to  carry  out  curve  fitting  with  theoretical 
or  empirical  equations,  and  to  compare  results  with  theoretical  predictions 
or  generalized  empirical  correlations.  Theoretical  methods  and  semiempi rical 
techniques  have  also  been  employed  to  fill  data  gaps  so  that  the  resulting 
recommended  values  would  be  internally  consistent  and  cover  as  wide  a  range 
in  the  relevant  controlling  parameters  as  possible.  Such  analyses  were  car¬ 
ried  out  only  for  those  properties  on  which  a  considerable  selection  of  data 
were  available. 

Considering  electrical  resistivity,  for  example,  in  the  evaluation  of  a 
particular  set  of  measurements,  the  temperature  dependence  of  the  data  was 
examined  and  any  unusual  feature  or  anomaly  carefully  investigated.  The  ex¬ 
perimental  technique  was  reviewed  to  be  certain  that  contact  effects,  unwanted 
loading,  spurious  voltage  sources,  and  inappropriate  physical  conditions  of  the 
measurement  are  accounted  for,  and  that  the  samples  were  carefully  prepared 
in  a  suitable  atmosphere  by  reliable  techniques.  Also,  as  far  as  possible, 
estimates  of  uncertainty  were  checked  to  ensure  that  all  sources  of  error  had 
been  considered.  Data  were  considered  reliable  only  if  all  sources  of  system¬ 
atic  error  had  been  eliminated,  or  minimized  and  accounted  for. 

The  selected  sets  of  data  were  classified  according  to  values  of  important 
controlling  parameters,  and  recommended  or  provisional  values  of  the  electrical 
resistivity  were  generated  for  each  value  of  the  controlling  parameters.  For 
unannealed  single  crystals,  a  theoretical  curve  is  available  and  is  compared 
with  the  appropriate  data  over  the  temperature  range  for  which  the  theory  is 
considered  valid. 


3.  PRESENTATION  OF  DATA 
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Each  of  the  subsections  shown  below  deals  with  data  pertinent  to  undoped 
single  crystal  or  polycrystal  specimens  of  Nickel  Oxide.  The  experimental 
results  are  exhibited  in  graphical  and  in  tabular  form,  along  with  information 
covering  sample  preparation  and  measurement  techniques.  In  addition,  where 
possible,  we  have  generated  sets  of  recommended  values  for  the  property  under 
consideration.  These  are  entered  in  graphical  form  on  the  various  figures; 
representative  numerical  values  read  off  from  these  smoothed  graphs  are  entered 
separately  in  appropriate  tables. 

One  should  recognize  that  the  electrical  properties  are  very  sensitive 
to  departures  from  the  ideal  1:1  ratio  of  O/Ni;  hence  in  resistivity  and 
Seebeck  coefficient  measurements,  distinctions  have  been  made  between  samples 

_3 

of  different  stoichiometry  by  referring  to  Ni -]  ^0 ,  with  0  <  6  <  5  x  10  . 

The  mechanical  and  thermal  properties  are  far  less  sensitive  to  these  effects; 
consequently,  the  distinction  has  been  dropped  in  later  sections  and  all  sam¬ 
ples  have  been  designated  simply  as  NiO. 

3.1  Electrical  Resistivity 

Recommended  values  for  the  resistivity  of  undoped  single  crystal  speci¬ 
mens  of  Ni-j_g0  in  the  range  of  its  kinetic  stability  are  shown  in  Table  1. 

The  procedure  for  obtaining  these  values  is  discussed  in  Sec.  3.2.  The  results 

3 

of  resistivity  measurements  are  displayed  as  plots  of  log  p(ohm-cm)  vs.  10  / 
T(tC^)  in  Fig.  1  for  single  crystals  and  in  Fig.  2  for  polycrystalline  materials. 
The  temperature  range  for  these  investigations  extends  from  ca.  250  K  to  1000  K, 
over  which  the  density  of  Ni  ion  vacancies  remains  constant,  being  determined 
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TABLE  1 


RECOMMENDED  RESISTIVITY  VALUES  FOR  SINGLE  CRYSTAL  Ni^O 
JN  THE  RANGE  OK  ITS  KINETIC  STABILITY 


ELECTRICAL  RESISTIVITY,  ohm-cm 

Temperature,  K 

Nearly  Stoichiometric 
Sample 

A 

Partially  Annealed 
Sample 

B 

Unannealed 

Sample 

C 

2000 

3.34 

1430 

— 

— — 

9.00  x  10"1 

1330 

1.75  x  101 

1110 

2.04  x  102 

— 

1000 

2.41  x  102 

4.56  x  101 

1.30 

910 

4.13  x  102 

— 

800 

5.00  x  103 

9.10  x  101 

1.92 

670 

2.15  x  105 

2.00  x  102 

3.30 

570 

4.65  x  106 

6.15  x  102 

7.28 

500 

7.18  x  107 

3.95  x  103 

2.08  x  101 

440 

7.84  x  108 

3.68  x  104 

9.10  x  101 

400 

7.24  x  109 

3.23  x  105 

4.62  x  102 

360 

5.05  x  1010 

2.90  x  106 

2.47  x  103 

330 

3.45  x  1011 

2.50  x  107 

1.45  x  104 

310 

1.80  x  1012 

2.18  x  108 

7.98  x  104 

290 

8.10  x  1012 

1.63  x  109 

4.10  x  105 

270 

1.17  x  1010 

1.94  x  106 

250 

— 

8.20  x  1010 

8.20  x  106 

240 

- - 

5.00  x  1011 

3.43  x  107 

220 

— 

2.67  x  1012 

1.38  x  108 

210 

— 

1.15  x  1013 

4.95  x  108 

200 

1.50  x  109 

190 

— 

3.68  x  109 

180 

- - 

7.00  x  109 

by  the  thermal  history  of  the  sample  prior  to  being  cooled  to  constant  compo¬ 
sition.  A  number  of  studies  covering  temperature  ranges  above  1000  K  are  not 
included,  because  in  this  region  the  0/Ni  ratio  changes  with  temperature,  due 
to  rapid  equilibration  involving  the  exchange  of  oxygen  between  the  solid 
and  the  ambient.  The  measurements  in  this  high  temperature  range  are  there¬ 
fore  crucially  dependent  on  the  partial  pressure  of  oxygen  in  the  atmosphere 
surrounding  the  sample  and  are  not  intrinsic  to  Ni 0. 

Several  features  of  Fig.  1  are  noteworthy:  There  is  an  enormous  spread 
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in  resistivity  values;  at  room  temperature  p  lies  in  the  range  10  to  10 
ohm-cm  for  single  crystals.  The  particular  value  depends,  among  other  matters, 
quite  sensitively  on  5,  which  quantity  is  restricted  to  the  range  0  <  6  < 
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5X10  in  the  homogeneity  domain  for  nickel  oxide.  As  6  decreases  towards 
its  lower  limit  the  resistivity  increases;  the  most  nearly  stoichiometric 
specimens  become  good  insulators.  This  is  so  because  the  density  of  holes  is 
controlled  primarily  through  the  density  of  nickel  ion  vacancies,  which,  having 
an  effective  double  negative  charge  each,  are  associated  with  two  holes  that 
maintain  electroneutrality.  In  a  perfect  crystal  for  which  6=0,  there  would 
be  no  excess  charge  carriers  for  net  charge  transport;  in  actuality,  the  exact 
1:1  0/Ni  stoichiometry  cannot  be  realized,  and  the  presence  of  impurities  and 
other  types  of  defects  furnishes  sufficient  carriers  for  some  observable  con¬ 
ductivity.  The  upper  limit  on  the  resistivity  which  can  currently  be  achieved 
with  the  best  available  samples  is  shown  as  the  uppermost  curve.  Curve  A,  in 
Fig.  1.  The  lone  curve  (curve  4)  which  is  shown  as  lying  higher  in  resistivity 
was  reported  for  a  thin  NiO  film  on  MgO  and  appears  to  be  spurious.  For  inter¬ 
mediate  stoichiometry  the  reconmended  values  are  shown  in  Curve  B.  The  lower 
limit,  attained  for  6  »  5X10  ,  is  shown  as  Curve  C  in  Fig.  1.  It  is  seen  that 
nearly  all  the  measurements  reported  in  the  literature  fall  within  the  indicated 
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range;  there  seems  no  reason  for  questioning  any  of  these  results.  Whatever 
differences  are  encountered  presumably  are  due  to  differences  in  6  among  the 
various  samples. 

The  variation  of  resistivity  with  temperature  is  rather  complex.  Most 

noticeable  are  the  rather  marked  changes  of  slope  in  the  plots  of  Fig.  1  close 

to  the  vicinity  of  the  Neel  point  at  =  523  K.  These  changes  are  not  abrupt 

but  occur  over  an  interval  of  40-70  degrees  in  the  vicinity  of  T^.  At  higher 

temperatures  the  resistivity  activation  energies  ep  range  between  0.30  eV 

for  6  *  0  to  0.20  eV  for  6  «  5X10"^.  For  most  of  the  data  reported  at  lower 

temperatures  it  is  not  possible  to  specify  a  unique  conductivity  activation 

energy  since  the  plots  in  this  range  of  temperatures  are  not  strictly  linear. 

However,  the  average  values  of  ep  are  approximately  0.80  eV  for  6  s  0  and 

-3 

0.66  eV  for  6  »  5X10  .  An  interpretation  for  these  facts  is  offered  in  Sec. 

3.2  where  the  curves  for  the  recommended  values  will  also  be  explained. 

Reasons  have  already  been  adduced  why  resistivity  measurements  carried 
out  on  polycrystalline,  ceramic,  sintered,  pressed,  or  powdered  specimens 
should  be  regarded  with  great  caution.  Aside  from  the  difficulties  intro¬ 
duced  earlier,  the  problem  which  is  peculiar  to  NiO  is  that  untreated  surface 
layers  tend  to  be  strongly  Ni-deficient,  as  judged  by  XPS  (ESCA)  experiments/2"^ 
We  therefore  do  not  reconmend  any  of  the  resistivity  values  in  Fig.  2  as  being 
representative  of  bulk  NiO,  although  these  measurements  are  of  intrinsic  in¬ 
terest  in  certain  industrial  and  engineering  applications.  It  is  to  be  noted 

2  10 

that  at  room  temperature  quoted  resistivities  lie  in  the  range  3X10  to  10 
ohm-cm,  i.e.,  considerably  below  the  range  of  p  values  quoted  for  single  crys¬ 
tals.  Also,  the  conductivity  activation  energies  tend  to  be  lower  and  the 
changes  in  slope  near  the  Neel  point  less  than  for  single  crystals.  The  limit¬ 


ing  curves  shown  in  Fig.  2  represent  empirical  boundaries  within  which  all 
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data  so  far  reported  are  encountered.  No  recoirmended  curve  is  offered  for 
polycrystalline  materials. 

Measurement  information  is  provided  ir  Table  2  for  resistivity  measure¬ 
ments  on  single  crystal  NiO;  the  actual  experimental  results  are  collected 
in  Table  3.  Similar  information  for  polycrystal  NiO  is  displayed  in  Table 
4,  and  the  experimental  data  are  tabulated  in  Table  5. 

3.2  Seebeck  Coefficient 

Recommended  values  for  the  Seebeck  coefficient  cF  undoped  single  crys¬ 
tals  of  Ni -j_50  in  the  range  of  its  kinetic  stability  are  shown  in  Table  6. 
The  construction  of  these  values  is  discussed  below. 

Seebeck  coefficient  measurements  on  single  crystal  specimens  are  rather 

few  in  number;  available  data  are  summarized  in  Fig.  3  as  plots  of  a(mV/deg) 
3  -1 

vs.  10  /T(K  ).  As  expected  for  insulators,  a  values  are  large,  falling  in 
the  range  0.4  to  2.0  mV/deg.  Above  room  temperature  the  data  are  relatively 
concordant,  in  that  in  almost  all  cases  a  increases  as  T  is  diminished;  how¬ 
ever,  while  some  measurements  show  a  change  in  the  slope  of  a  vs.  1/T  as 
magnetic  order  sets  in,  no  magnetic  ordering  effects  are  detectable  in  other 
sets  of  measurements.  At  room  temperatures,  the  data  diverge;  in  curves  1 
and  2,  a  passes  through  a  maximim  and  then  decreases  on  cooling;  whereas  the 
remaining  plots  in  Fig.  3  are  continuing  straight  lines.  We  believe  that 
below  approximately  350  to  400  K  sample  resistivities  of  single  crystals  are 
so  large  that  special  precautions  must  be  taken  with  regard  to  sample  isola¬ 
tion  and  data  acquisition  to  avoid  serious  error.  Furthermore,  internal 
strains  can  lead  to  divergencies  from  straight  line  behavior  in  Fig.  3. 
Accordingly,  our  recommended  values  left  the  low  temperature  variations  of 
curves  1  and  2  out  of  account. 


TABLE  6 


RECOMMENDED  VALUES 

n1l-«° 

FOR  THE  SEEBECK  COEFFICIENTS  OF  SINGLE  CRYSTAL 

IN  THE  RANGE  OF  ITS  KINETIC  STABILITY 

SEEBECK  COEFFICIENT,  mV/K 

Temperature,  K 

Annealed  Sample 

A 

Unannealed  Sample 

B 

1330 

0.576 

— 

1000 

0.671 

— 

800 

0.768 

— 

670 

0.864 

0.547 

570 

0.960 

0.609 

500 

1.056 

0.671 

440 

1.152 

0,733 

400 

1.248 

0.797 

360 

1.346 

0.859 

330 

— 

0.920 

310 

— 

0.982 

290 

— 

1.044 

The  simplest  interpretation  of  the  data  i  i  Figs.  1  and  3  is  to  assume 

that  charge  carrier  transport  in  Ni-j^O  occurs  by  a  hopping  process.  This 

is  substantiated  by  the  fact  that:  (i)  plots  cf  a  vs.  1/T  extrapolate  to 

zero  or  very  small  intercepts  at  1/T  =  0;  (ii)  that  estimated  charge  carrier 

-2  2 

mobilities  are  less  than  10  cm  /V-sec  below  1000  K,  and  assume  values  of 
5  2 

2X10  cm  /V-sec  at  room  temperature;  and  (iii)  that  whereas  the  resistivities 
are  enormously  sensitive  to  stoichiometry,  the  Seebeck  coefficients  are  not. 
[Other  authorities  disagree  with  such  a  view  and  postulate  that  charge  carrier 
transport  occurs  in  very  narrow  bands;  however,  we  feel  that  their  conclusions 
are  based  primarily  on  measurements  of  Li-doped  NiO  where  the  situation  is  quite 
different,  since  even  very  small  additions  of  this  dopant  significantly  alter 

f  2  5  ) 

the  properties  of  the  host  lattice.'  '] 

On  the  hopping  model  the  slopes  of  the  straight  line  portions  of  Fig.  3 
are  proportional  to  the  dissociation  energy  requited  to  remove  one  hole 
from  the  nickel  ion  vacancy  to  which  it  is  bound  in  the  ground  state.  The 
theoretical  analysis  leads  to  the  result'  ' 

a  =  e  e^/kT  +  A  (3) 

where  A  is  a  small  numerical  constant.  The  recommended  graphs  in  Fig.  3  for 
6  =  0  and  6  5X10"^  corresponds  to  Eq.  (3)  with  =  0.3  eV  and  A  *  0.30  or 

=  0.2  eV  and  A  s  0.18  for  Curves  A  or  B  respectively. 

The  above  model  also  leads  to  the  following  schematic  expression  for 
the  conductivity  a  =  p~^: 

a  =  new  =  nQey0  exp{(-en  +  ey(T))/kT}  (4) 

wherein  n  is  the  charge  carrier  density,  u  the  mobility,  e  the  electronic 
charge,  en  and  ey  the  charge  carrier  density  activation  and  mobility  activa¬ 
tion  energies.  This  last  quantity  is  given  by  ey  =  ec  -  em(T),  where  ec  is 


the  energy  required  to  bring  the  initial  and  final  sitesinto  energetic  coin¬ 
cidence  so  that  a  charge  transfer  between  these  sites  may  occur  when  complete 


magnetic  order  prevails,  and  em(T)  is  the  contribution  of  magnetic  disorder 


which  adds  to  the  energy  of  the  charge  carrier  and  therefore  diminishes  the 
overall  energy  required  for  coincidence.  The  actual  theoretical  expression 
is  rather  complicated;  interested  readers  should  consult  Ref.  4  for  details. 

_3 

The  recommended  curve  C  in  Fig.  1  for  6  =  5X10  was  based  on  calculations 
involving  Eq.  4,  with  a  variety  of  required  input  parameters  taken  from  the 
literature.  No  such  parameters  are  available  for  the  strictly  stoichiometric 
compound  (6=0);  hence  the  upper  limiting  curve  A  of  Fig.  1  is  provisionally 
adopted  for  single  crystals  with  nearly  perfect  stoichiometry. 

We  now  turn  to  a  consideration  of  Fig.  4.  Here  again,  considerable 
caution  is  required  in  acceptance  of  data  for  polycrystalline  samples.  It 
is  generally  thought  Jiat  Seebeck  coefficients  are  not  very  sensitive  to  the 
state  of  subdivision  of  specimens;  nevertheless,  when  the  properties  of  surface 
layers  differ  appreciably  from  those  of  the  bulk,  Eq.  (1)  applies;  Seebeck  co¬ 
efficients  may  be  drastically  altered  for  cases  where  the  surface  or  boundary 
conductivity  considerably  exceeds  that  of  the  bulk  of  the  grains.  Curves  11-16 
of  Fig.  4  appear  to  be  characteristic  of  polyc.ystal line  materials  where  grain 
boundary  effects  are  dominant.  Most  of  the  remaining  graphs  are  relatively 
temperature  independent,  as  would  be  the  case  if  carrier  transport  occurred 
by  a  hopping  process  with  a  constant  density  of  charge  carriers.  It  is  of 
interest  that  a  falls  in  the  range  0.2  to  1.6  mV/deg  for  polycrystalline  sam¬ 
ples,  as  compared  to  0,1  to  2.0  mV/deg  for  single  crystals.  The  recommended 
curves  are  the  same  as  those  given  in  Fig.  3. 

Measurement  information  on  the  Seebeck  coefficients  of  single  crystal 
Ni 0  is  displayed  in  Table  7,  and  the  experimental  results  are  shown’  in  Table  8. 
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The  corresponding  information  for  polycrystal  NiO  is  provided  in  Tables  9 
and  10  respectively. 


41 


3.3  Heat  Capacity 

Recommended  values  for  the  heat  capacity  of  NiO  are  collected  in  Table 
11.  Its  construction  will  be  commented  on  below. 

Heat  capacity  measurements  at  constant  pressure  are  shown  as  plots  of 
Cp  vs  T  in  Fig.  5.  The  results  of  investigations  are  nicely  concordant,  ex¬ 
cept  in  the  temperature  region  near  T^,  where  the  measurement  depends  not 
only  on  the  manner  in  which  the  sample  is  passed  through  the  Neel  point  but 
also  on  the  precise  variation  of  long  and  short-range  magnetic  order  as  a 
function  of  temperature.  Heat  capacity  properties  outside  the  anomalous 
region  are  insensitive  to  the  state  of  subdivision,  impurity  content,  and 
stoichiometry  of  the  sample.  According  to  standard  theory,  the  gradual 
disappearance  of  magnetic  order  on  heating  should  lead  to  a  second-order 

transition,  which,  in  the  simplest  cases,  manifests  itself  as  a  X-anomaly 

f  1 9  ) 

in  the  heat  capacity.'  '  Such  anomalies  have  been  observed  in  most  cases, 
but  in  one  particular  instance  a  much  sharper  peak  has  been  reported  (Curve 
4)  which  is  more  reminiscent  of  a  first-order  transition. 

Above  the  Neel  point,  T^  =  523  K,  the  heat  capacity  Cp  reaches  an  asymp¬ 
totic  value  of  0.172  cal/g-deg  which  lies  higher  by  3%  than  the  anticipated 
Dulong  and  Petit  value  for  the  heat  capacity  of  constant  volume,  Cy  =  11.92 
cal/mole-deg  for  NiO;  this  discrepancy  is  expected  on  the  basis  of  Eq.  (2). 

The  recommended  curve  is  an  average  of  the  various  reported  values  out¬ 
side  the  temperature  range  of  the  Cp  anomaly,  for  which  no  recommendation  is 
possible  for  reasons  outlined  above. 
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The  experimental  data  of  Fig.  5,  after  subtraction  of  the  anomalous 

portion  due  to  the  second  order  transition,  may  be  interpreted  within  the 

framework  of  the  Debye  theory,  according  to  which  for  each  elementary  lattice 

constituent  the  molar  heat  capacity  reads: 

3 

Cy=9Nk  (I)  {40(f)  +  TD'(f)}  (5) 


in  which  N  is  Avogadro's  number  and 


0  (f)  ■  J 


e/T 


o  e*  -  1 


dx,  6  =  hv  /k 


0  being  termed  the  Debye  temperature,  which  is  related  to  the  maximum  lattice 
vibration  frequency  vm  as  shown  above.  It  is  worth  noting  that  at  low  tem¬ 
peratures  T  «  0,  the  above  relation  approximates  to  Cy  =  (12/5)t/W(T/0)^, 
whereas  at  high  temperatures  it  approaches  the  Dulong  and  Petit  value  Cy  *  3  Nk 
per  atomic  unit.  The  above  quantities  must  be  doubled  to  take  account  of  the 
fact  that  NiO  contains  two  atomic  species  per  formula  unit.  Since  tabulations 
of  0(0/T)  are  available,  it  is  possible  to  test  the  data  for  their  fit  to 
Eq.  (5);  it  is  found  that  reasonable  though  not  excellent  agreement  may  be 
attained  in  the  range  0  <  T  <  250  K  with  a  value  of  O  =  580  K.  Obviously  such 
a  fit  cannot  cope  with  the  X-anomaly;  also,  above  300  K  the  difference  between 
Cp  and  Cy  becomes  sufficiently  noticeable  so  that  values  calculated  according 
to  Eq.  (5)  are  expected  to  lie  by  several  percent  below  the  measured  Cp  values. 
Finally,  one  should  recall  that  the  lattice  symmetry  changes  as  the  NiO  passes 
through  the  acti ferromagnetic  ordering  temperature:  one  would  thus  expect  0 
for  T  >  T^  to  be  different  from  0  for  T  <  T^. 

Information  on  measurement  techniques  of  heat  capacity  determinations  is 
accumulated  in  Table  12;  the  actual  data  are  tabulated  in  Table  13. 
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3.4  Thermal  Conductivity 


Reconmended  values  for  the  thermal  conductivity  are  shown  in  Table  14; 
comments  concerning  these  are  provided  below. 

Thermal  conductivity  (k)  curves  are  shown  in  Fig.  6  as  plots  of  log  k 
vs  log  T.  Various  sets  of  data  are  widely  different,  as  is  expected  from  the 
fact  that  k  is  very  sensitive  to  the  state  f  subdivision  of  the  sample. 
Nevertheless,  the  general  character  of  the  data  follows  the  anticipated  pat¬ 
tern.  The  thermal  conductivity  passes  through  a  maximum;  at  higher  tempera¬ 
tures  k  is  governed  primarily  through  the  mean  free  path,  as  determined  by 
phonon-phonon  scattering  processes;  since  with  rising  temperature  the  phonon 
density  increases  according  to  the  Bose-Einstein  law,  the  mean  free  path 
decreases  and  k  diminishes  correspondingly. 

The  only  really  effective  phonon  collisions  are  the  so-called  umklapp 

(27) 

processes'  '  which  require  that  at  least  one  of  the  phonons  have  a  wave 
vector  greater  than  half  of  the  maximum  possible  value,  i.e.,  greater  than 
(1/2 )vm  =  (l/2)k  6/h,  where  9  is  the  Debye  temperature  introduced  earlier. 

The  probability  of  encountering  such  phonons  at  temperature  T  is  proportional 
to  exp(-hvm/2  kT)  =  exp(-0/2T).  To  find  a  second  phonon  of  an  appropriate 
wave  number  so  as  to  make  an  umklapp  process  feasible  involves  a  probability 
winch  varies  as  (8/T)  .  Therefore,  the  anticipated  temperature  behavior  for 
k  in  this  regime  is 

k  =  k0(T/6)3  exp(0/2T)  (7) 

where  kq  is  a  parameter  independent  of  k  and  T. 

At  lower  temperatures  the  phonon  density  becomes  sufficiently  low  so 
that  the  mean  free  path,  £,  of  phonons  increases  to  a  point  where  it  is 
limited  by  the  average  distance  between  defects  or  by  the  grain  size  in  the 
specimens.  In  this  region  the  thermal  conductivity  is  given  by 


THERMAL  CONDUCTIVITY  OF 


|$f$£r  i  TEMPERATURE  ,  K  FIGURE  6 


where  Cy  is  the  molar  heat  capacity,  vg  the  sound  velocity,  and  V  the  molar 

volume,  and  £,  the  mean  free  path.  In  the  temperature  range  where  (8)  holds, 

vs  and  l  are  essentially  constant,  so  that  k  varies  with  T  in  the  same  manner 

as  Cy.  According  to  the  preceding  section,  in  this  regime,  Cy  =  (12ir  Nk/5  0  )T 
3 

so  that  <  ~  T  . 

The  data  of  Ref.  57  were  found  to  be  consistent  with  Eq.  (7)  for  tempera¬ 
tures  above  the  maximum  in  k.  The  results  below  20  K  were  fit  to  Eq.  (8)  with 
a  mean  free  path  of  30  microns.  However,  the  6  value  of  510  K  required  for  a 
fit  to  the  experimental  <  is  well  below  the  0  value  of  580  K  used  to  fit  the 
heat  capacity  result. 

All  data  exhibit  a  kink  in  the  vicinity  of  the  Neel  point.  This  may  be 
ascribed  to  the  fact  that  the  lattice  symmetry  and  dimension  change  slightly 
in  the  transition,  thus  altering  the  Debye  temperature  0,  and  thereby,  Cy. 
Furthermore,  as  will  be  seen  shortly  the  mechanical  properties  of  the  lattice 
are  also  changed  as  the  samples  are  heated  through  the  Neel  point;  hence  v$ 
changes  as  the  magnetic  order  is  altered.  Both  factors  affect  k  in  the  manner 
depicted  in  Fig.  6. 

The  provisionally  recommended  curve  coincides  with  the  data  of  Ref.  57 
for  T  <  20  K  and  Ref.  55  for  T  >  20  K,  as  being  representative  for  annealed 
single  crystals  of  NiO.  It  should  be  clearly  recognized  that  much  more  ex¬ 
perimental  work  must  be  accumulated  in  the  cryogenic  temperature  range  before 
a  reliable  trend  in  the  low  temperature  thermal  conductivities  can  be  estab¬ 
lished. 

The  measurement  information  for  these  experiments  is  provided  in  Table 
15,  and  the  tabulation  of  measurements  is  assembled  in  Table  16. 
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3.5  Elastic  Properties 


Since  only  one  set  of  measurements  is  available  over  a  wide  range  of 
temperature,  these  must  serve  as  provisional  recommended  values;  smoothed 
values  are  assembled  in  Table  17. 

A  variety  of  elastic  constants  are  plotted  in  their  dependence  on  tem¬ 
perature  in  Fig.  7;  these  measurements  were  obtained  on  single  crystals. 

As  is  seen,  the  experimenters  report  discontinuities  or  anomalous  thermal 
variations  near  the  Neel  point  for  all  elastic  constants  save  C^.  The 
anomaly  is  to  be  expected  since  the  second  order  transition  is  associated 
with  magnetostriction  effects  which  alter  the  structure  and  mechanical 
characteristics  of  the  lattice.  It  is  of  interest  that  for  some  of  the 
elastic  constants  the  anomalies  occur  over  a  considerable  temperature  range 
well  below  the  temperature  T^  for  which  the  heat  capacity  anomaly  reaches 
its  maximum  value;  this  shows  that  structural  relaxation  effects  begin  to 
be  noticeable  before  the  total  disappearance,  on  heating,  of  magnetic  order¬ 
ing  effects. 

Measurement  information  on  elastic  constants  is  assembled  in  Table  18 
and  the  literature  data  are  compiled  in  Table  19. 

Young's  modulus  Y  is  shown  as  a  function  of  temperature  in  Fig.  8.  Of 
the  two  measurements  the  lower  set  is  suspect  because  these  measurements  were 
carried  out  on  untreated  powdered  specimens.  The  upper  curve  represents  data 
taken  on  polycrystalline,  sintered  samples  and  is  provisionally  recommended. 
The  recommended  values  are  listed  in  Table  20;  measurement  information  and 
literature  values  are  exhibited  in  Tables  21  and  22  respectively. 
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PROVISIONALLY  RECOMMENDED  VALUES  FOR  YOUNG'S  MODULUS 


OF  NiO  IN  THE  RANGE  295-595  K 


Temperature,  K 

n  2 

Young's  Modulus,  10  dyne/cm 
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9.08 
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9.09 
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9.20 
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3.6  Thermal  Expansion 


The  thermal  properties  of  a  crystal  are  generally  characterized  by  the 
coefficients  of  thermal  expansion  of  the  material.  These  may  be  specified 
in  two  ways: 

The  instantaneous  (linear)  coefficient  of  thermal  expansion  is  defined 


_  1  [n 


aI  =  £  3T 


where  &  is  the  length  of  the  specimen  along  a  given  direction  and  T  the 
absolute  temperature;  as  shown  by  the  formula,  the  measurements  are  taken 
at  constant  pressure.  The  mean  coefficient  of  thermal  expansion  is  defined 


.  1  *  -  *0 

“M  =  H0  T  -  T0  (9) 

where  £0  is  the  length  of  the  specimen  along  a  given  direction  at  a  reference 
temperature  TQ,  and  £  is  the  length  at  some  other  absolute  tenperature  T. 

It  is  common  practice  to  set  TQ  -  298  K,  i.e.,  to  refer  all  measurements 
of  £  to  the  prevailing  value,  £Q,  at  room  temperature.  As  is  implied  by  the 
wording,  Eq.  (8)  provides  information  concerning  the  expansion  properties  of 
the  material  at  temperature  T,  whereas  Eq.  (9)  represents  a  quantity  which 
is  averaged  over  the  temperature  range  |T  ~  T  |. 

As  is  well  known,  the  coefficient  of  linear  expansion  is  proportional 
to  the  molar  heat  capacity  at  constant  volume,  Cy,  through  the  relation 

oj  “  yCv/3BV  (10) 

where  y  is  the  Gruneisen  constant,  B  is  the  bulk  modulus,  and  V  the  molar 
volume  of  tho  solid.  This  proportionality  is  found  to  be  quite  well  satisfied 
for  cubic  crystals. 
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The  provisionally  recommended  values  for  both  otj  and  are  cited  in 
Table  23.  For  T  <  600  K,  was  taken  from  Curve  2;  while  at  higher  tempera¬ 
tures  cij  was  calculated  from  the  values  of  Curve  4,  by  converting  the  data, 
represented  by  Eq.  (9),  so  as  to  conform  to  Eq.  (8).  The  two  portions  of 
the  curve  were  smoothly  joined  in  the  region  near  600  K.  The  recommended 
ctjjj  values  were  then  obtained  by  the  inverse  process  of  treating  the  recom¬ 
mended  <*j  curve,  subject  to  Eq.  (8),  so  as  to  assume  the  form  demanded  by 
Eq.  (9)  with  TQ  =  298  K. 

The  original  data  sets  and  the  recommended  values  are  plotted  in  Fig. 

9.  Measurement  information  for  the  determination  of  otj  or  of  is  provided 
in  Table  24.  The  tabulation  cf  the  experimental  data  is  shown  in  Table  25. 

One  should  note  that  Curve  3  has  been  ignored  in  setting  up  the  recom¬ 
mended  curves.  This  was  done  on  the  basis  that  according  to  Eq.  (10),  ctj 
should  follow  the  heat  capacity  anomaly,  exhibited  in  Fig.  5,  which  is  asso¬ 
ciated  with  magnetic  ordering  effects  near  523  K.  These  effects  show  up  in 
Curve  2  but  not  in  Curve  3.  Apparently,  complications  arise  in  the  conversion 
of  lattice  parameter  data  to  linear  thermal  expansion  coefficients.  Below 
the  Neel  point,  NiO  undergoes  a  rhombohedral  distortion,  so  that  it  is  not 
really  correct  to  characterize  the  unit,  cell  dimension  by  a  lattice  parameter 
appropriate  to  the  cubic  phase  of  NiO  which  prevails  only  above  the  Neel  point. 
These  difficulties  are  avoided  in  the  direct  dilatometric  measurements  reported 
in  Refs.  17  and  46. 
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TABLE  23.  PROVISIONALLY  RECOMMENDED  VALUES  FOR  MEAN  AND  INSTANTANEOUS 

COEFFICIENTS  OF  THERMAL  EXPANSION  OF  NICKEL  OXIDE  NiO 

a* 

10~6  K_1 

Temperature,  K 

Instantaneous 

Al./L0(%) 

Mean 

/ 

A 

80 

3.05 

-0.1463 

6.71 

100 

3.90 

-0.1394 

7.04 

200 

7.17 

-0.0840 

8.57 

298 

9.98 

0.0000 

— 

3C0 

10.04 

0.0020 

10.00 

400 

13.25 

0.1184 

11.61 

420 

13.96 

0.1457 

11.94 

440 

14.72 

0.1743 

12.27 

460 

15.54 

0.2046 

12.63 

480 

16.52 

0.2367 

13.01 

500 

17.80 

0.2710 

13.42 

520 

21.15 

0.3100 

13.96 

525 

21.90 

0.320? 

14.13 

540 

15.00 

0.3484 

14.40 

560 

13.78 

0.3772 

14.40 

580 

13.48 

0.4044 

14.34 

600 

13.35 

0.4313 

14.28 

620 

13.31 

0.4579 

14.22 

640 

13.35 

0.4846 

14.17 

700 

13.53 

0.5652 

14.06 

800 

13.86 

0.7022 

13.99 

900 

14.25 

0.8427 

14.00 

1000 

14.71 

0.9875 

14.07 

1100 

15.21 

1.1371 

14.18 

1200 

15.75 

1.2919 

14.32 

1300 

16.48 

1.4531 

14.50 

1400 

17.00 

1.6205 

14.70 

1500 

17.88 

1.7949 

14.93 

1600 

18.52 

1.9769 

15.18 

1700 

19.35 

2.1662 

15.45 

1800 

20.20 

2.3640 

15.74 

1900 

21.15 

2.5707 

16.05 

2000 

22.14 

2.7872 

16.38 

2100 

22.98 

3.0128 

16.72 

2200 

24.28 

3.2491 

17.08 

COEFFICIENT  OF  THERMAL  EXPANSION  OF 
NICKEL  OXIDE  NiO 
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